This paper investigates the compression properties of square honeycomb core materials based on glass fibre reinforced plastic. The objective of this project is to determine the failure strength and energy absorption of the square honeycomb structure and compare both crushing behaviours between the experimental and finite element simulations. Control specimen made from GFRP is prepared by using traditional hand lay-up technique and the mechanical properties are determined from the INSTRON Tensile Machine. In this study, the numerical simulation of the square honeycomb structure is analysed with the commercial software. In this simulation, the result obtained for maximum stress is 28.24MPa which is located at node 110451. Besides that, the energy absorption for finite element result and experimental result are 310.86 kJ and 282.17 kJ, respectively. The percentage of error is 9.23% which can be considered a good agreement between numerical simulation and experimental result. Lastly, the crushing behaviour between the finite element model and experimental model is slightly different to each other since the model in simulation is assumed to be the preferred structure, whereas the experimental model is imperfect in the geometric model.
INTRODUCTION
In year 2010, 414 421 cases of road accidents occurred in Malaysia. 28269 cases were involved in road casualties and 6872 cases resulted in road deaths. The cases of road accidents in Malaysia were showing an increasing trend every year. Malaysian road users are classified as the worst in Sounth East Asia with an average of 23.8 deaths per 100,000 populations over the span of 12 years, according to the World Health Organisation's (WHO) Global Status Report. In order to reduce road accidents, transportation and vehicle manufacturers are searching for an advanced buffer structure that has low weight and volume to design the vehicle [1] . The advanced buffer structure found is the honeycomb structure. Honeycomb structures are used as shock-absorbent layers in an automobile because of the anti-shock properties and high energy absorption to reduce the impact effect [2, 3] . Honeycomb structures have a minimum amount of material used to achieve minimum weight and material cost. Honeycomb structures are widely used in various distinct engineering fields including in the automotive and aerospace industries. The honeycomb material can easily function as tailored solutions due to its unique design of connecting the network of the structure [4] [5] [6] [7] . Besides that, the main advantages of the honeycomb structures are light-weight, low density, high stiffness to weight ratio, high energy absorption and great anti-shock properties [8] , [9] . In this project, the square honeycomb structure is chosen because of the high energy absorption properties with minimum peak stress values compared to hexagonal and triangular honeycomb structures [10] . Besides that, the composite material is chosen because of the high strength to weight ratio, lightweight and fire resistance as well its wide usage in various sectors nowadays.
A composite is a material having two or more distinct materials that are combined together on a microscopic scale to form an outstanding third material [11] . The composite in this study is made up of two materials which are matrix and glass fibre reinforcement [12] [13] [14] [15] . Each material has significant distinct chemical and physical properties. Therefore, when the materials are combined, it forms a unique and superior material that has stronger and lighter materials compared to the original materials. Lately, composites are also known as reinforced plastics. Composite materials are the new products of the so-called advanced engineering age [2, [16] [17] [18] [19] . Fibres in composites are held together by a binder known as matrix. Polymers used as matrix materials are referred to as resin [20] . There are two different types of resins which are thermoplastic and thermosets. The difference between the two resins is their behaviour when heated. However, only thermosets resin is focused on in this study. The three primary functions of the resin are [21] :
a. Support the fibres and transfer the stress to ensure the fibres can carry more loads. b. Protect the fibres from physical damage before and during structure fabrication. c. Increase the toughness and ductility of the resin to reduce the propagation of cracks in the composite. Thermoset resins are usually used in liquid form. Thermosets are made up of a three-dimensional cross-linked structure. Therefore, when undergoing chemical reactions, the entire polymer chains are connected to the matrix in a three-dimensional network. The benefits of thermosets are good resistance to solvents and temperature. Thermosets undergo an irreversible process when heated. Thermosets consist of two types of resins which are Polyester and Epoxy. Polyesters are used extensively with glass fibre [5, 18, 22] . They are inexpensive and light with a temperature range of up to 100°C and resistant to environmental exposure, whereas epoxy is more expensive but has better moisture resistance and lower shrinkage on curing. However, only polyester resin is focused on in this study.
Polyester resins are an unsaturated synthetic resin that is formed by reactions of polyhydric alcohols and dibasic organic acids. Unsaturated polyester resin is a thermoset resin which can be cured by a liquid or solid state when put into the right conditions. Polyesters are made from different acids, glycols, and monomers, and each of the molecules has different properties [23] [24] [25] . Polyester is a polymers category that contains the ester functional group in its main chain. Polyester resins are the most widely and commonly used resin in the marine industry, aircraft industry and structural parts of the automobile [26] . Glass fibre reinforced composites can be divided into two typical types of fabric which are chopped strand mat and woven roving [2, 17, 25] . Chopped strand mat (CSM) is a discontinuous fibre while woven roving (WR) is a continuous fibre [25, 27, 28] . The two composites are formed when the fibre is bound with polyester resin or epoxy resin [10, 23] . In this study, woven roving fiber is focused on and discussed in depth. Woven roving (WR) is built from a continuous strand of fiberglass roving as shown in Figure 1 . The way woven roving is composed is similar to the ways yarns are woven in fabrics. Woven roving is heavier and thicker than fabric. It has a variety of weights and widths at 0.405 kg/m 2 to 1.36 kg/m 2 and 5 cm to 10 cm, respectively. Woven roving has maximum strength in all fibres direction, but the value is lower than a unidirectional mat [29] . The aim of this project is to determine the failure strength, energy absorption and crushing behaviour of the composite square honeycomb structures. ABAQUS 6.13, a finite element analysis, are used to determine the numerical simulation of the honeycomb structure.
METHODS AMD MATERIALS

Mechanical Properties
The composites are formed when they were adhered with unsaturated polyester resin. The mechanical properties of reinforcement and matrix for glass fibre reinforced composites are shown in Table 1 . The mechanical properties in Table 1 include Young's Modulus and Possion's ratio. [10] . Table 1 . Mechanical properties of reinforcement and matrix [10] .
Material
Young Modulus,
Woven roving fabric 76 0.37 Polyester resin 3.5 0.25
Hand Lay-Up Method
Hand lay-up method is a simple and easy method to prepare a composite laminate as shown in Figure 2 . First, the WR glass fibre is cut into the desired length. Each composite laminate consists of five layers of WR fibre ply. Before fabrication started, the glass plate and roller are cleaned by using acetone to remove the impurities that adhered on the composite laminates. After that, anti-adhesive agent is applied on the top of the glass plate to ease the composite removal process. A mixture of polyester resin and hardener (MEKP)
is weighted according to the amount needed. The first layer of WR is put on the glass plate and the mixture is poured onto the fibre. Then, the resin mixture is swept evenly throughout the fibre by using a roller. After the first layer of fibre ply is fully wetted by the mixture of resin, the next layer of fibre is added and the steps are repeated until five layers. After the hand lay-up process is completed, the specimen is left for 24 hours for the curing process. After the composite laminate is completed, the geometry of the control specimen is prepared according to the ASTM D3039 standard. ASTM D3039 is a standard test method used to measure the tensile properties of composite materials. The weights of the polyester resin and fibre used to fabricate the composition laminates are as shown in Table 2 . The property of the composite is influenced by the proportions of the matrix and fibre. The weight fraction of fibre can be expressed by eq. (1).
=
where, = weight fraction of fibre; = weight of fibre; = weight of composite Table 3 shows the composition of the composite laminate for WR fibre. The weight percentage of fibre, is 60%, whereas the weight percentage of resin, is 40% with a total weight of 1028g for the composite laminate. The weight fraction of fibre, is 0.599. 
Finite Element Modeling
Numerical models are developed to simulate the mechanical reponse of square honeycomb structure which is subjected to compression. In this simulation, woven roving composite is modelled as an isotropic material. However, due to the thin structure of the honeycomb core, the model will undergo buckling before the core fully collapsed. Therefore, to simulate exactly the collapse behaviour of the honeycomb core, a geometric with imperfection pattern is applied to the model. A geometric imperfection pattern is determined as a linear superposition of buckling eigenmodes acquired from a previous eigenvalue buckling prediction performed with Abaqus/Standard. Imperfections are ordinarily introduced by perturbations in the geometry [30] . There are three ways to determine imperfections such as a linear superposition of buckling eigenmodes, displacements of a static analysis and identifying the number of mode and imperfection values directly. In this project, the FEM analysis is carried out by using the *IMPERFECTION function in a linear perturbation step in Abaqus/Standard. The buckling modes are estimated and then a small imperfection is introduced in the straightness of the vertical cell members. If the imperfection is small, the deformation will be quite small (relative to the imperfection), below the critical load. The response will increase fast near the critical load, introducing a quick change in behaviour [30] . There are two ways of analysis to create the possible collapse modes by using Abaqus/Standard [31] .
1. The first analysis is performed to obtain an eigenvalue of buckling with Abaqus/Standard on the "perfect" structure to get the possible collapse modes and to examine the mesh modes accurately. 2. The second analysis used Abaqus/Standard to introduce an imperfection in the geometry by adding buckling modes to the "perfect" geometry. The lowest buckling modes are frequently assumed to provide the most critical imperfections to create the perturbed mesh. The imperfection formula is as shown in eq. (2).
where, ∅ is the ℎ mode shape ; is the associated scale factor. The simplest buckling mode used to perturb the mesh and the scale factor is 0.00008 in the finite element models. The geometric imperfections in terms of the buckling modes are then imported into the Abaqus/Standard. The main reason of using imperfection in an analysis is to make brittle failure successful, which is correlative with the buckling collapse of the core cells [32] . The interaction between the loading platen and the face sheet is specified as a frictional contact and a general contact condition is generated between the individual web members. The honeycomb is meshed by 8-noded brick elements with reduced integration and the top and bottom loading platens are modelled as rigid bodies. Figure 3 shows the meshes conditions for the square honeycomb cores (the top platen has been removed). Load is applied through the top platen and the lower platen is fixed.
RESULTS AND DISCUSSION
Tensile Test Results
The tensile test is carried out until the specimen is fractured and the mechanical properties of the composite material are obtained. The results obtained for control specimens 1 and 2 are shown in Figure 4 . It is shown that the load-displacement graph for the two control specimens depicted the same trend of the curve and the increase of the load is consistent. Specimen S2 achieved the higher force which is 11.7kN, whereas specimen S1 achieved a slightly lower force which is 10.95kN. The extension of displacement length for both specimens until fracture, S1 and S2 are 4mm and 4.10mm, respectively. The tensile test for both control specimens is summarised in Table 4 . The maximum tensile stress for both specimens S1 and S2 are 49.94MPa and 50.53MPa, respectively. The Young's Modulus and Yield Strength for specimen S1 are 3.64GPa and 37.48MPa, respectively, whereas for specimen S2, the values are 3.77GPa and 40.49MPa respectively. There are no significant mechanical properties between both specimens. Therefore, the correlation between the two specimens is good.
Finite Element Analysis
There are three buckling modes of eigenvalues obtained on numerical simulation as shown in Figure 5 . The eigenvalues obtained are 0.80763, 0.81466 and 0.81560 for the three buckling modes. The buckling modes are obtained and then introduced into the numerical simulation with a small imperfection to the vertical cell to straighten the cell members of the composite square honeycomb core structure [33] . Figure 6 shows a load-displacement curve for a compression test on the square honeycomb core structure. It can be noted that the stress is based on the total area of the square honeycomb structure, including the cells between the webs. The loaddisplacement curve increased rapidly during the elastic phase before achieving the maximum stress, and the curve dropped rapidly once the square honeycomb core structure started to buckle. After the square honeycomb core structure began to buckle, the region is called as the plastic phase [34] . Figure 7 shows a compressed structure and focus area of the maximum stress of composite square honeycomb structure after undergoing compression. The stress is based on the total area of the structure. Based on the simulation, the maximum stress obtained is 28.24 MPa. The maximum stress is obtained once the composite square honeycomb structure is crushed to 16 mm. Table 5 shows the stress distributed along the maximum node. Along the maximum node, the stress range is between 27.76MPa to 28.24MPa. Based on the numerical simulation, the maximum stress obtained is 28.24MPa which is located at node 110451. 
Comparison between Analytical and Experimental Results
Energy Absorption
One of the most important applications of composite square honeycomb core structure is high energy absorbing structure. In this project, the energy absorption of the structure is determined from the energy under the load-displacement curve. Figure 8 shows a comparison of the experimental and numerical load-displacement curves for the composite square honeycomb structure. In general, the correlation between experimental and numerical results is excellent with all the main features of initial, elastic, maximum stress and plastic region. The peak load for both results is almost the same and they have achieved a good agreement in the load-displacement curve. Figure 8 . Load-displacement curves for experimental and finite element results. Table 6 shows the percentage error between FEM and the experimental results. The energy absorption of finite element result is slightly higher compared to the experimental result. This is because the finite element model is assumed to be a perfect structure, whereas in the experimental model, there is an imperfection on the geometric during the fabrication process. The percentage error is 9.23%, which can be considered as a good agreement between the simulation and experimental results. Crushing Behaviour Figure 9 shows the crushing behaviour of composite square honeycomb core structure after being compressed under different displacements. The left figure is the finite element model, while the right figure is the experimental model of the composite square honeycomb core structure. For the first two diagrams, both models are showing a very good agreement for the crushing behaviour; whereas for the last four diagrams, when the vertical cells started to buckle, the crushing behaviour is different to each other. When the structure is being compressed, the vertical cell for the finite element model is symmetrical whereas for the experimental model, the vertical cell is buckled to the left side. The finite element and experimental models are slightly different to each other due to the imperfection of geometric during fabrication of the specimens. The geometric in the simulation is assumed as the preferred structure. 
CONCLUSIONS
Honeycomb structure is widely used in various sectors such as the automotive and aerospace industries. This structure has high energy absorption, is lightweight, fire resistant, has low density and high strength to weight ratio; therefore, it is suitable in designing a vehicle. In this project, the woven roving fibre and polyester resin are chosen to fabricate the composite laminate. The mechanical properties of the control specimens are determined by using ASTM D3039. The results of Young's Modulus and Yield Stress obtained are 3.77GPa and 40.49 MPa, respectively. There are three buckling modes of eigenvalues result obtained from a numerical simulation which are 0.80763 0.81466 and 0.81560 for mode 1, mode 2 and 3 respectively. The maximum stress obtained from the numerical simulation is 28.24MPa which is located at node 110451. Besides that, the absorption energy for finite element and experimental results are 310.86 kJ and 282.17 kJ respectively. The percentage of error is 9.23% which can be considered a good agreement between the numerical simulation and experimental data. Lastly, the crushing behaviour between the finite element model and experimental model is slightly different to each other because the model in the simulation is assumed to be the preferred structure whereas the experimental model is imperfect in the geometric. As a conclusion, the objectives of the project have been succefully achieved, which are to analyse the crushing behaviour of square honeycomb structure by using FEM software, to determine the failure strength and energy absorption of square honeycomb structure by using FEM software and to compare between the FEM results and experimental data from the compression test.
